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Abstract 
In this work, the design, construction and instantaneous efficiency in solar water heater were investigated. A thermal 
analysis was developed, based on the energy balanced in the solar collector. The geometry and dimension in the 
collector was determinate by the results of the thermal analysis and the thermal properties of the materials used for 
the collector construction. The dimension of solar collector was of 1.4 m2 with a storage tank of 100 L. The highest 
temperature reached was 55.0 oC and decreased to 47.6 oC during the night.  The flow rate was at range from 0.0038-
0.04 kg/s, and the global average efficiency was of 30.2%. 
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1. Introduction 
The solar water heaters are an alternative for heating water to use domestic or industrial; its use avoid 
the emission of CO2 into the atmosphere generated by water heating. The solar water heaters have two 
fundamental components: the collector, which heats the water by solar radiation adsorbed, and the storage 
tank, which stores the hot water and maintains the temperature during the night and cloudy days. The 
solar water heaters use the thermo-syphon mechanism to transport energy from collector to storage tank. 
The thermo-syphon flow is a natural circulation that happens due to difference density between two 
liquids; fluids with lower density rise to the surface of liquid while fluids with higher density descend. 
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The density variation in the collector is generated by temperature gradients through solar radiation that 
heat the water; this generate a circulation of fluid between collector and tank [1-3]. The rate flow depend 
of the different between temperature of water in the collector and the tank, this rate flow is at range of 
0.001-0.05 kg/s [4, 5]. At present there are two technologies of solar water heaters, such as solar water 
heater using vacuum tubes and the flat plate collector. The solar water heaters using vacuum tubes are 
more efficient than the flat plate collectors, due to that have a best adsorption of the solar radiation energy 
and loss few energy by reflection and convection, but the technology to manufacturing these solar water 
heater are expensive. The solar water heaters of flat-plate collector are less efficient but more inexpensive 
in the manufacturing, which has made them more popular in the market of solar water heaters. The 
instantaneous efficiency of solar water heaters is at range from 60-80%, and low temperature from 60-90 
oC [1, 6]. For high water temperatures are used solar concentrators, which concentrate solar radiation in a 
small area on the receiver. The water temperature in a solar concentrator can reach more 300 oC [7] and 
are used in the industry to generate electric energy [8] among others applications. The instantaneous 
efficiency of solar concentrator is at range 80-90% due that loss energy by reflection and convection are 
low. New ideas are emerging to increment the instantaneous efficiency of the flat plate collector, such as 
moving the fluid through of collector by hydraulic pumps or leading the solar rays to receiver by Fresnel 
lens [9, 10]. In the present work, is shown the analysis, design, construction, installation and 
characterization of a solar water heater of flat plate, which uses solar linear concentrators to improve the 
instantaneous efficiency. 
Nomenclature 
Ac  collector area 
D receiver diameter 
h  transfer coefficient 
I  solar intensity 
kins insulation thermal conductivity 
F´ efficiency factor 
FR  heat removal factor 
M  mass of volume of water 
S  solar intensity on absorber 
T temperature 
UL loss coefficient 
uwind wind speed 
W  aperture of reflector  
G spacing between elements 
H emittance 
V Stefan-Boltzmann constant 
Ki instantaneous efficiency 
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2. Thermal analysis 
A full analysis of the variables that affect the instantaneous efficiency of flat-plate collector is 
necessary to capture the greatest amount of solar energy. This analysis allows setting the optimal 
dimensions of the solar water heater elements, such as the area collector, insulating thickness, and storage 
tank capacitance. In the Fig. 1a is shows the position of each heater element involved in the adsorption of 
the solar rays and the heat retention in collector. The solar water heater proposed has two glass covers (C1 
and C2) allowing the transmittance of the solar ray to receiver (r). The solar water heaters have reflectors 
(p), which reflect the solar rays to lower surface of receptor. The loss energy is reduced trough insulated 
thermal in the edge and back (b); which is protected trough stainless sheet. In the Fig. 1b is shown the 
thermal network of the solar water heater, which is used to estimate the overall loss in the collector.  
 
 
Fig. 1. (a) Solar water heater elements, (b) thermal network of the collector. 
 
The overall loss in the system is obtained from a thermal analysis taking into account the loss by 
conduction, convection and radiation in each element. The overall loss coefficient of collector is given by: 
 
ebtL UUUU ++=       (1) 
 
where Ut is the top loss coefficient from collector plate, Ub is the back loss coefficient and Ue is the edge 
loss coefficient from collector. The top loss coefficient is given by: 
 
䌥4
1=
1
=
i i
t R
U       (2) 
 
where Ri  is the environment resistance to the heat transfer from element i to j. The resistance is found as 
the sum of heat transfer coefficient by conduction, convection and radiation, when there are convection 
and radiation, resistance is given by: 
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The convection transfer coefficient hconv is given by: 
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where k is the environment thermal conductivity between the elements i and j, G is the spacing between 
elements, Nu is the Nusselt number and uwind is the wind speed when heat transfer is between the element 
and air, as the glass cover 2. The radiation heat transfer coefficient between two elements is given by: 
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where Fij is the view factor between the elements i and j, for two parallels plate the view factor is 1, as 
between cover 1 and 2. The back loss coefficient and edge loss coefficient of the collector is given by: 
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where  kins is  the insulation thermal conductivity, Gedge is the collector height, P is the perimeter and Ac is 
the collector area. The overall loss coefficient is found with resolving the thermal network from Fig. 1b. 
The instantaneous efficiency of collector is determinate by the geometry absorber (removal factor of 
receiver) and the flow rate of water into collector. The heat removal factor of receiver is given by [1]: 
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where F´ is the efficiency factor due to the geometry of absorber. For cylindrical absorber the efficiency 
factor is given by: 
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where Do and Di are tube inside and outside diameter of the absorber respectively, kr is the thermal 
conductivity of absorber and hw is heat transfer coefficient of water. The water flow rate is estimated from 
energy balance equation between collector and storage tank and is given by [1]: 
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where M is the mass of water volume in the storage tank. From this equation is estimated the 
instantaneous efficiency, which is given by [1]: 
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where W is the linear aperture of reflector, L is the length of collector, S the solar intensity that incident 
on the absorber, I is the solar intensity, Tm, Ti and Ta are inlet temperature, average temperature inside of 
collector and ambient temperature respectively, C is the concentration factor of reflector. 
3. Experimental setup 
The prototype of the solar water heater was designed on a commercial software NX 8.0, in the Fig. 2 is 
shown the elements that form the solar water heater, such as is the collector, storage tank, tank stand and 
the connection between the tank and collector. The dimension of the collector was estimated in 
accordance to the energy necessary to heat 100 L of water up to 60 oC, and was of 1.4 m2. The collector 
allows the transmittance of the solar ray up to the receiver tube, through of two glass covers with a 
transmittance of 0.90. The collector has eight internal copper tubes arranged parallels as heat absorbers, 
these tubes have 1.5 m length, and the distance between each tube is 0.1 m. The absorber tubes have a 
coating with absorbance of 0.998; the energy absorbed by the copper tubes is transferred to the water due 
to thermal conductivity of the copper, which is 385 W/moC. The collector has an internal reflector for 
each absorber tube, the lower surface of tube is in the focus of reflector; the incident rays on reflectors are 
reflected to lower surface of tubes. The reflectors have an aperture of 0.1 m and 1.5 m length, and are 
made of a reflective metallic sheet. The collector has insulation with a thermal conductivity of 0.023 
W/moC, which avoids the heat transfer between the collector and ambient to reducing the heat loss. The 
water storage tank is of 100 L, which has a thermal insulation that allows maintain the temperature of 
water during the night or cloudy days with little temperature loss. The tank consists of two metallic 
cylinders that in its interface have a thermal insulation with a thermal conductivity of X W/moC. The 
storage tank has five connecting pipe at its lower part and a safety valve at its top part by which the extra 
amount of heat is extracted to the atmosphere, as is shown in Fig. 3.   
 
Fig. 2. NX design of the solar water heater. Fig. 3. Installation of the solar water heater. 
 
The connecting pipe E is used to connect the inlet of collector with storage tank, connecting pipe D is 
used to connect the solar water heater to the water domestic network. The connecting pipe C is used as 
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water dump valve, connecting pipe B connects the cistern with the solar water heater and connecting pipe 
A is used to connect the outlet of the collector with the storage tank. The connecting pipe F is used as 
safety valve, as is shown in Fig. 3. The solar water heater installation was realized according to the 
geographical location, with the collector perpendicular to the incident solar rays. The collector inclination 
was at angle of 21o relative to horizontal and the storage tank oriented toward the north. The connection 
between the collector and tank was through PVC tubes with 1.26 cm of inside diameter. The solar water 
heater characterization was realized during 23 hours with 100 L of water, disconnected of the water 
domestic network, i.e. without water loss during of testing time. The solar irradiance was measured with a 
Sunshine pyrometer, model SPN1-A619, to determinate the energy incident on solar water heater. The 
temperature was measured in all elements involved on adsorption and loss energy of solar water collector, 
such as the receiver, the glass covers, the water inlet and outlet of collector, on reflector, into the storage 
tank and the ambient. The maximum and minimum temperatures were measured in the storage tank. For 
temperature measurements were employed thermocouples type K connected to wireless module of 
National instruments, NI WLS-9213 model with 16 channels and connected by Ethernet for its remote 
monitoring. A program developed on LabView 2012 monitored the measurements, the results was 
showed in real time and saved for subsequent analysis. 
4. Results and discussion 
4.1. Solar water heater characterization 
The aim of experimental test was to evaluate the performance of the solar water heater in 
environmental conditions. In the Fig. 4 is shown the measurements during 23 hours, initiating at 7:00 am; 
the maximum irradiance in the day was of 1,200 W/m2 and total energy of 25MJ/m. The highest 
temperatures were in the receiver tube and the reflector, and were at a range from 50-80 oC. In the Fig. 5 
is shown the storage tank temperature, curve A is the maximum temperature, curve B the minimum 
temperature and curve C is the average temperature into the storage tank. In the Fig. 5 is observed the 
heating process during the day and the cooling process during the night. The maximum temperature into 
the storage tank was 55.0 oC, that was reached 8.4 hours after initiating the measurements and the 
minimum temperature was 47.6 oC. The average temperature was decreased from 50.4 oC to 46.8 oC by 
cooling process during the night. The cooling process started when the outlet temperature of the collector 
was less that the maximum temperature in the tank. 
  
Fig. 4. Measurements of the solar irradiation, temperature in the 
collector, storage tank and ambient. 
Fig. 5. Behaviour of the storage tank temperature during 23 
hours. 
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The water temperature in the tank was made more homogeneous during the cooling process up to reach 
2.0 oC of different between highest temperature and lowest temperature. The tank reached the thermal 
equilibrium 11 hours after the started of cooling process. 
4.2. Measurement performance of the solar water heater 
The flow rate was estimated from the temperature measurements of the storage tank and the collector, 
and applying the Equation 9. The flow rate decreases exponentially from 0.04 kg/s to 0.0038 kg/s with the 
increment of the irradiance, as is shown in Fig. 6; water volume complete one cycle when it reaches 100 l 
with this flow rate. The reduction in the rate flow during the maximum irradiation was due to position of 
the pipe between the collector and storage tank, causing overheat in the receiver, as is shown in the Fig. 4. 
The instantaneous efficiency increased with the flow rate. The efficiency depend of the absorbed 
irradiance by the collector as is shown in Fig. 7a and 7b and was estimated at range from 34-68 % 
decreasing at a rate of -19.3W/m2.  
 
  
Fig. 6. Thermo-syphon flow rate.    
Fig. 7. (a) Effect of the flow rate in the instantaneous efficiency, (b) Instantaneous efficiency of solar water heater. 
 
The solar energy captured was 10.5 MJ to heat 100 L of water from 30.0 oC to 55.0 oC; that represents a 
global efficiency of 30.2%. Despite that solar water heater had a maximum instantaneous efficiency of 
68.0 % this decreased fast, due to decreased flow rate.  The solar water heater avoided the use of 0.23 kg 
of LP gas (Liquefied petroleum gas) and the emission of 0.57 kg of CO2. 
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5. Conclusions 
The design, construction, installation and analysis of the overall heat loss by radiation, convection and 
conduction of a solar water heater by solar concentrator were discussed. The average temperature into 
storage tank with 100 L of water by 11 hours of solar irradiation equivalents to 25.0 MJ of total energy 
was 50.4 oC. The average temperature into the storage tank decreased in 7.0 oC during the night. The 
water temperature in the tank was made more homogeneous during the cooling process up to reach 2.0 oC 
of different between the high temperature and low temperature. The water flow rate was found in range 
from 0.0038-0.040 kg/s, and was found that the instantaneous efficiency increased with the flow rate 
increment. The instantaneous efficient decreased at a rate of -19.3 W/oCm2, and the global efficiency of 
the solar water heater was estimated in 30.2 %. The solar energy absorbed by solar water heater was 10.5 
MJ during 11 hours of solar irradiation; this is equivalent to use of 0.23 kg of LP gas. The solar water 
heater avoided the emission of 0.57 kg kg of CO2. 
Acknowledgements 
This work was financed by Augusto León Castillo, Servicio y Mantenimiento SA de CV enterprise. 
Authors thank the technical support given by J. Sánchez. 
References 
[1] Duffie JA, Beckman WA. Solar engineering of thermal process. New York: Wiley Interscience; 1980. 
[2] Chow TT, He W, Ji J. Hybrid photovoltaic-thermosyphon water heating system for residential application. Solar Energy 
2006; 80:298–306. 
[3] Chuawittayawuth K, Kumar S. Experimental investigation of temperature and flow distribution in a thermosyphon solar 
water heating system. Renewable Energy 2002; 26:431–448. 
[4] Zerrouki A, Boume dien A, Bouhadef K. The natural circulation solar water heater model with linear temperature 
distribution. Renewable Energy 2002; 26:549–559.  
[5] M. R. Riazia, J. Razavib, A. Sadeghib, and A. JavaheriAn Experimental Evaluation of Copper, Steel and Polypropylene 
Tubes in Solar Water Heaters with Thermosyphonic Flow. Applied Solar Energy 2009; 45:65–69. 
[6] M. R. Riazia, J. Razavib, A. Sadeghib, and A. JavaheriAn Experimental Evaluation of Copper, Steel and Polypropylene 
Tubes in Solar Water Heaters with Thermosyphonic Flow. Applied Solar Energy 2009; 45:65–69. 
[7] Ananth J, Jaisankar S. Experimental studies on heat transfer and friction factor characteristics of thermosyphon solar water 
heating system fitted with regularly spaced twisted tape with rod and spacer. Energy Conversion and Management 2013; 73:207–
213.  
[8] El Fadar A, Mimet A, Perez-Garcia M. Modelling and performance study of a continuous adsorption refrigeration system 
driven by parabolic trough solar collector. Solar Energy 2009; 83:850–861. 
[9] Nwosu PN, Oparaku OU, Okonkwo WI, Unachukwu GO, Agbiogwu D. Experimental study of a thermosyphon solar water 
heater coupled to a fibre Reinforced plastic (FRP) storage tank. Applied Solar Energy 2011; 47:207–212. 
[10] David Mills R, Graham Morrison L. Compact linear Fresnel reflector solar thermal powerplants. Solar Energy 2000; 
68:263–283. 
[11]   R. D. Maldonado, A. I. Oliva, E. A. Diaz, A. I. Montalvo. A high absorbance material for solar collectors’ applications. 
Materials Science and Engineering. 2013; 45:012019. 
 
 
 
 
 
 
 
